In the present study, late gestating sows were challenged with lipopolysaccharide (LPS) endotoxin, which can impair the immune system of mammary gland cells and result in an inflammatory response. Additionally, the LPS-treated sows were fed 3% soybean oil (SO), 3% coconut oil (CO) or 3% fish oil (FO) diets and were used to study the effect of fat sources on the colostrum quality and mammary gland inflammation of sows exposed to immune challenge. The results show that FO inclusion exerted anti-inflammatory effects in mammary glands and counteracted the LPS-induced damaged colostrum synthesis and pro-inflammatory response when compared to CO diets. These findings suggest that fatty acid profiles of different oil types in late gestation differentially affect metabolic health in sows, but a longer period of FO supplementation to sows is needed to determine a positive effect on piglets.
Introduction
The offspring growth and immunity from birth to weaning is affected by the maternal colostrum yield and quality, which contains numerous immunoglobulins and cytokines that are beneficial to newborn animals [1] . As maternal colostrum yield and quality are affected by diets, maternal nutritional intervention during gestation may provide an effective strategy to improve offspring growth and immunity. Fat plays an important role in sow nutrition, as its high energy value and low heat increment provides most of the energy as well as the fatty acids needed for the growth and maintenance of organ systems and the body's energy storage in offspring [2] . More recently, supplementation of fat to the sow diets in late gestation and lactation was found to influence the fatty acid composition of colostrum and milk, modulate sow oxidative stress levels and inflammatory responses, and improve the survival of piglets [3] [4] [5] . Sow dietary fat sources, which differ in fatty acid composition, have different effects on sow colostrum quality and immunity. The present experiment selected three oil types, including soybean oil (SO), coconut oil (CO) and fish oil (FO) . Fish oil is rich in omega-3 polyunsaturated fatty acids (n-3 PUFAs), and n-3 PUFAs have been shown to exert multiple beneficial effects, including lipid metabolism modification, oxidative stress and inflammation [5] [6] [7] . Coconut oil mainly contains medium-chain fatty acids (MCFAs) in proportions of more than 60%. Soybean oil is rich in 18-chain fatty acids such as C18:1 (n-9), C18:2 (n-6) and C18:3 (n-3). Unlike the proinflammatory role of CO and anti-inflammatory role of FO in the modulation of the innate immune toll-like receptor-4 signaling pathways, the soybean oil was neutral for toll-like receptor-4/NFκB signaling and could be used as a control of FO and CO [8] . In recent years, much attention has been focused on the consequences of modifying the fatty acid profiles of sow diets by dietary supplementation with different fat sources. To our knowledge, direct evidence that dietary n-3 PUFA inhibits inflammation in mammary gland of sows has not been provided yet.
Bacterial infection occurring during gestation can impair the immune system of mammary gland cells and result in an inflammatory response, which may play a negative role in the yield and composition of colostrum and milk [9] . Bacterial lipopolysaccharide (LPS) endotoxin has been widely used to develop inflammation in many animal species [10] [11] [12] . The LPS-induced activation of the inflammasome axis is important for the development of mammary gland injury. As n-3 PUFAs have potent anti-inflammatory properties [6] , their inclusion in sow diets could protect against bacterial infection-induced oxidative stress and inflammation in mammary gland. However, not much is known regarding whether feeding FO to sows as a source of n-3 PUFA could attenuate LPS-induced sow stress levels and inflammatory responses.
Therefore, the present study aimed to test the two hypotheses: first, the pro-inflammatory process in mammary gland of late-gestating sows challenged with LPS leads to decreased reproductive performance and colostrum synthesis. Second, dietary supplementation with FO may exert anti-inflammatory effects in mammary gland of sows and thus counteract the LPS-induced pro-inflammatory response.
Materials and Methods

Ethical Statement
The experiment was performed according to the Chinese guidelines for animal welfare, and all experimental procedures of animal use were permitted by the Ethical committee of Southwest University of Science and Technology (permit No.1020130053) [13] .
Animals, Diets and Experimental Design
A total of sixty multiparous sows (Landrace × Yorkshire; 3 to 5 of parity) were randomly selected and assigned into three dietary treatment groups (3% SO, 3% CO and 3% FO) based on backfat thickness and body weight (n = 20 per group) using a randomized complete block design. The dose of 3% was included as previously described, which showed beneficial effects of FO on the hypothalamic-pituitary-adrenal function in sows and offspring [14] . All sows in the present experiment were artificially inseminated by pooled semen from three Duroc boars. The ingredients and composition of the experimental diets and the analyzed fatty acids profiles of the fat sources are shown in Tables 1 and 2, respectively. All diets were formulated to meet or exceed the nutrient requirements of gestating sows as recommended by the National Research Council (2012) [15] . All sows were housed in individual gestation stalls in a breeding facility and fed a daily ration of 2.5 kg of the experimental diets from Day 90 of gestation until parturition. The daily feed allowance of each sow was divided into 2 equal meals that were fed at 08:00 h and 14:00 h. The sows had free access to drinking water. On Day 110 of gestation, the sows were transferred to a farrowing room and housed in individual farrowing crates. On Day 112 of gestation at 08:00 h, 10 challenged sows per dietary treatment were injected intramuscularly with LPS (Sigma-Aldrich Co., St. Louis, MO, USA) from Escherichia coli strain O55:B5 (10 µg/kg BW) or sterile saline. Mammary gland tissues were collected under regional anesthesia at 24 h after LPS challenge and immediately frozen in liquid nitrogen until further analysis. In the current study, mammary secretions during the first 24 h after the birth of the first-born piglet, followed by the secretion of transient milk until Day 4 of lactation, were measured. Colostrum samples at 12 h postpartum were collected according to a previously described method [16] and the onset of transition milk was recorded. During parturition, the duration of farrowing was defined as the time between the birth of the first and last piglet. Piglets were weighed at birth and after the colostrum period. Colostrum intake by piglets from birth to 24 h after the onset of parturition was estimated based on a prediction equation, as previously described [17, 18] . The onset of parturition was designed as the time of birth of the firstborn piglets detected by camera. The colostrum yield of each sow was calculated by summing the intake from each piglet within a litter. 
Analysis of the Composition and Cytokines Concentrations in Colostrum
The composition of colostrum was measured using an automatic milk analyzer (Milk-Yway-CP2, Beijing, China). The concentrations of cytokines including interleuckin-6 (IL6), interleukin-1β (IL1β) and tumor necrosis factor-α (TNFα) were measured using the porcine-specific ELISA kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturers' instructions [19] [20] [21] .
Quantitative Real-Time PCR Analysis
The total RNA was extracted from mammary gland tissues using TRIzol reagent (Sigma, Saint Louis, MO, USA). The purity and concentration of RNA was estimated by the Nanodrop ND-1000 (Nanodrop Technologies, Thermo Scientific, Wilmington, DE, USA). The integrity of RNA was examined by electrophoresis in agarose gel (1%). Following RNA extraction, cDNA was synthesized from 500 ng of total RNA with the iScript TM cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). Quantitative real-time PCR was performed on the CFX96 RT-PCR detection system (Bio-Rad, Laboratories, Hercules, CA, USA) with SYBR green detection, as in the procedure described previously [22] . TATA-binding protein (TBP), DNA topoisomerase II beta (TOP2B), and β-actin (ACTB) were used as reference genes to normalize the gene expression data. The relative mRNA expression of the target genes was calculated using the method of 2 −∆∆Ct , as previously described [23] . The primer sequences of the target genes and reference genes are shown in Table 3 . Table 3 . Nucleotide sequences of primers used to measure targeted genes.
Gene Symbols
Nucleotide Sequence of Primers (5 -3 ) Accession No. 
Immunoblotting Analysis
Immunoblotting analysis was conducted as previously described [24, 25] . Briefly, protein extracts from mammary glands were separated by 10% SDS-PAGE gels and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA, USA). The membrane was washed with TBS with 0.1% Tween 20 (TBST) and incubated with 5% nonfat dried milk blocking solution at room temperature for 1 h, followed by incubation with primary antibodies (1:1000) overnight at 4 • C. The membranes were washed with TBST and incubated with a horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at room temperature. The densities of bands were quantified by the Image Lab statistical software (Bio-Rad, Laboratories, Hercules, CA, USA) and normalized to ACTB content [26] .
Statistical Analysis
Statistical analysis was performed using the general linear model procedures of the SAS 9.1 software (SAS Institute, Cary, NC, USA). The statistical model included the fixed effects of maternal diet (SO, CO or FO), maternal LPS status (LPS or saline) as well as their interactions. The body weight and backfat of sows were the random effects in the model. The individual sow was considered as the experimental unit for each trait. All data were expressed as the mean values and standard error of the mean (SEM). A significant difference was considered as p < 0.05.
Results
Performance Characteristics
No significant differences between treatments were observed for body weight and backfat thickness in sows at Day 90 of gestation (Table 4) . Similarly, there were no significant effects of LPS challenge and dietary oil type on the duration of farrowing, onset of transient milk, the number of piglets born alive, the mortality of piglets from Day 1 to 5 and the weights of piglets at birth ( Table 4 ). Regardless of the maternal diets, the average weight gain of piglets from LPS-challenged sows was decreased compared to the saline-treated group (p < 0.01, Table 4 ). 
Colostrum Production and Composition
As shown in Table 5 , the colostrum yield and intake by piglets were not influenced by dietary oil type. Regardless of the maternal diets, the colostrum yields in LPS-challenged sows were lower than in saline-treated sows (p < 0.05). Dry matter content in colostrum was decreased by LPS challenge (p < 0.01, Table 6 ). A similar pattern of changes was observed for colostrum intake by piglets from LPS-challenged sows (p < 0.01). However, the responses of these variables to LPS treatment were lower in sows fed FO or SO diets. Moreover, there were no significant effects of LPS challenge and oil type on the contents of protein, fat and lactose in colostrum (Table 6 ). 
Cytokine Productions in the Colostrum
The concentrations of pro-inflammatory cytokines TNFα, IL1β and IL6 in colostrum were affected by the interactive effect of oil type and LPS (p < 0.01, Table 7 ). The LPS challenge increased the contents of TNFα, IL1β and IL6 in colostrum for sows fed the CO diet. However, no effects of LPS challenge on these variables were found for sows fed the FO diet. 
mRNA Abundances and Protein Expression of Inflammatory Cytokine in Mammary Gland
To explore why LPS-challenged sows fed FO diets exhibited lower colostrum cytokine levels, we further determined the gene expression of inflammatory cytokine in mammary glands. As shown in Figure 1 , compared with the SO group, LPS-challenged sows fed CO diet had higher mRNA abundances of toll-like receptor (TLR4), IL6, IL1β and TNFα in mammary gland cells (p < 0.01), whereas sows fed the FO diet had similar levels of mRNA expression of inflammatory cytokine. Regardless of maternal diet, the mRNA abundance of IL6, IL1β and TNFα in the mammary glands of LPS-challenged sows were increased compared to the saline-treated group (p < 0.01). Moreover, LPS challenge increased the phosphorylation level of p65, a key component of NF-κB inflammatory pathway (p < 0.01, Figure 2 ). However, the responses of these variables to LPS treatment were lower in sows fed the FO diet compared with the CO group (p < 0.01).
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Discussion
The present study used an LPS immune challenge to stimulate a bacterial infection in late-gestating sows to test the hypothesis that bacterial-induced stress can alter the differentiation of mammary epithelial cells and colostrum synthesis, and to investigate the role of maternal diets supplemented with FO or CO on bacterial-induced mammary gland injury. Maternal FO or CO diets did not affect the average weight gain of piglets during the first 24 h period after the onset of parturition compared with the SO diets, which is similar to previous reports showing that maternal FO or CO administration had no significant effect on the growth performance of piglets [3, 27, 28] . The piglets from LPS-challenged sows had lower average 
The present study used an LPS immune challenge to stimulate a bacterial infection in late-gestating sows to test the hypothesis that bacterial-induced stress can alter the differentiation of mammary epithelial cells and colostrum synthesis, and to investigate the role of maternal diets supplemented with FO or CO on bacterial-induced mammary gland injury. Maternal FO or CO diets did not affect the average weight gain of piglets during the first 24 h period after the onset of parturition compared with the SO diets, which is similar to previous reports showing that maternal FO or CO administration had no significant effect on the growth performance of piglets [3, 27, 28] . The piglets from LPS-challenged sows had lower average weight gain at postnatal 24 h than those from saline control sows. This is consistent with a previous study in pregnant mice [29] . The yield and composition of colostrum and milk are of greatest importance for piglets' growth performance [30] . In this study, maternal LPS challenge decreased the colostrum yield and dry matter content. The damaged milking capacity and reduced colostrum dry matter content may contribute to the decreased growth of suckling piglets. As expected, supplementation of FO or CO to gestation diets did not affect colostrum fat content because diets contained less than 5% added fats. In addition, maternal FO diets appeared to alleviate LPS-induced decreased weight gain of piglets and colostrum production, although these effects were not statistically significant, suggesting that feeding FO to sows as a source of n-3 PUFA may play an important role in regulating prenatal maternal stress. Similarly, a recent study demonstrated that maternal n-3 PUFA dietary supplementation attenuated the sow fever response to inflammatory stress challenges [14] .
The mammary gland is a highly specialized organ which has tremendous synthetic and secretory capabilities. Mammary bacterial infection contributes to an inflammatory response characterized by injured secretory cell activity, decreased milk yield, and alterations in milk composition [31] . Bacterial LPS endotoxin has been widely used to develop animal models of inflammation [32] . In this study, the ultimate outcome of mammary gland infection is accompanied by the secretion of proinflammatory cytokines such as TNFα, IL1β and IL6 in colostrum. In addition, our results indicate that LPS-induced inflammation activated the NF-κB signaling and up-regulated the expression of inflammatory markers in mammary glands. Dietary intervention is an effective method for the treatment of inflammation and related metabolic disorders [33] . NF-κB (p65) is the main pathway in the inflammation cascades, which can be inhibited by n-3 PUFAs such as eicosahexaenoic acid (EPA, C20:5 n-3) and docosahexaenoic acid (DHA, C22:6 n-3) [34, 35] . It is reported that dietary FO supplementation could exert a beneficial effect on anti-inflammatory activity [36, 37] . Moreover, maternal FO supplementation potentiated an anti-inflammatory response in suckled piglets and accelerated the piglet immune system maturation [38, 39] . Also, a recent study demonstrated that maternal supplementation with FO modulated inflammation-related microRNAs and genes in sucking lambs [40] . In the present study, we found that FO inclusion in the sow gestation diet exerted anti-inflammatory effects in mammary glands of sows and thus counteracted the LPS-induced pro-inflammatory response. However, the responses of these variables to LPS treatment were not found in sows fed CO diets.
Sow dietary fat sources affect litter growth performance, and different fatty acids have different effects on sow colostrum or inflammatory response. This experiment selected three oils, namely SO, FO and CO, which differed in fatty acid composition with different carbon chain lengths and number of carbon-carbon double bonds. PUFAs are rich in SO (C18:2 n-6) and FO (C20:5 n-3 and C22:6 n-3), whereas CO contains a large amount of the saturated fatty acids C12:0 and C14:0. Dietary PUFAs have been reported to be beneficial in oxidative stress, lipid metabolism modification and inflammation [41] [42] [43] . In particular, n-3 PUFA rich in DHA and EPA is a major contributor to inhibiting inflammation [40] . On the contrary, saturated fatty acids trigger a TLR4-mediated inflammatory response [44, 45] . A recent study demonstrated that virgin CO is associated with high-fat diet-induced metabolic alterations and adipose inflammation in rats [46] . Similarly, the present study showed the negative effect of CO supplementation to sows on LPS-induced mammary inflammation. Compared with CO diets, dietary supplementation with FO or SO protected sows from LPS challenge-induced mammary inflammatory responses, as indicated by decreased pro-inflammatory cytokines expression and p65 phosphorylation level. It is noteworthy to mention that the maternal dietary inclusion of FO in the current study may increase DHA and EPA proportions in sow colostrum and serum. Therefore, we conclude that the inflammatory response in the mammary glands of sows challenged with LPS was affected by the different carbon chain lengths of the fatty acids. However, as the fatty acid compositions of sow colostrum and piglet serum were not explored in the current study, further investigation is required to fully understand how dietary FO inclusion improved mammary gland inflammation and piglet growth.
Conclusions
Maternal LPS challenge induced a mammary inflammatory response and damaged colostrum production and piglet growth. The inclusion of FO in sow gestation diets exerted anti-inflammatory effects in the mammary glands of sows and counteracted the LPS-induced pro-inflammatory response when compared to CO. These results may provide a strategy to attenuate maternal stress and inflammation and maintain immune balance during gestation. Future analysis including fatty acid profiles of sow colostrum and piglet serum and tissue-specific gene expression may help to explain how maternal LPS challenge and FO inclusion influence the metabolic health of sows and their progeny.
